In nine experiments with sheep, effects of hypoxia on levels of lactate, pyruvate, and glucose in maternal and fetal blood were studied. Blood samples were obtained simultaneously from the four uterine and umbilical vessels prior to, during, and following an episode of severe hypoxia.
Introduction
blood samples from both maternal and fetal placental vessels. The introduction of a technique [10] in which The role of the placenta in the regulation of fetal me-these vessels are catheterized while the fetus remains tabolism and acid-base homeostasis has not been de-undisturbed in utero makes possible experiments to scribed because of difficulty in obtaining simultaneous assess this function. In this paper, an analysis of meta-bolic observations made prior to, during, and following hypoxia is presented.
Materials and Methods
Twenty-eight experiments were performed on Columbian ewes with dated gestations. The experiments were designed to study the temporal and functional interrelation of cardiovascular, metabolic, and acid-base changes in the fetus during various levels of hypoxia in the mother (ewe breathing 15, 7.5, or 0% O 2 ); correlations with alterations in the fetal EEG were also attempted. The end point of the hypoxic period was the onset of the isoelectric stage of the EEG. The physiological analysis of these observations has been reported [9] . Of the 28 experiments, 9 fulfilled the criteria established for inclusion in this study. The criteria were: 1) simultaneous blood samples (obtained successfully from each of the four placental vessels prior to hypoxia, during the final 10 % interval of the period of hypoxia, and approximately 30 min into recovery; additional samples were occasionally obtained at other periods during hypoxia and recovery); 2) survival of the fetus during the period of hypoxia and a live delivery 60 min or more into recovery; and5J induction of fetal hypoxia by breathing the ewe with 7.5% O 2 . The total period of hypoxia ranged from 6.5 to 20.5 min (mean: 13.3±1.5 min SEM). In all experiments, the last 10% period of hypoxia was characterized by fetal bradycardia and either an abnormal or isoelectric EEG [9] .
Anesthesia was induced and maintained with Fluothane, 0.6-1.2% and 98% O 2 during the control and recovery periods; the anesthetic was delivered through a tracheostomy by use of a respirator and anesthetic apparatus. Polyethylene catheters were placed into the maternal aorta (MA) from the femoral artery, into the main uterine vein (MV) through a tributary in the broad ligament, and into the main umbilical artery (UA) and vein (UV) in the cord through tributaries in the chorioallantoic membrane. The fetus remained in utero throughout the experiment.
Two milliliters of each heparinized blood sample were deproteinated within 1 min of sampling by the addition of 2 ml of cold 10% perchloric acid. Supernatant concentrations of glucose, lactate, and pyruvate were then determined by enzymatic methods [14] . Lactate and pyruvate were determined from the spectrophotometric difference of the oxidation-reduction of nicotinamide adenine dinucleotide (NAD) in the presence of excess lactic dehydrogenase.
Using a pH and gas analyzer [15] , determinations of pH, pCO 2 , and pO 2 were performed within 1 h of sampling on a 1-ml blood sample kept in ice until used.
Venous-arterial differences were determined for both the uterine and umbilical circulations. Because umbilical artery blood is venous blood, the umbilical venous-arterial difference (V-A) was calculated from the equation: AF = UA-UV (UA = umbilical artery -UV = umbilical vein). Negative values reflected loss on circulation through the fetus or gain on circulation through the placenta. The uterine V-A difference was calculated from the equation: AM = MV-MA (MV = uterine vein -MA = uterine artery). The uterine vein sample included blood that drained from the multicotyledonary placenta as well as the endometrium and myometrium, so that the uterine difference represented total uterine metabolism. Differences in maternal-fetal concentration were determined from the equation: A M-F = MV-UV so that negative values reflect a greater fetal than maternal concentration. Excess lactate, the increased amount of lactate that occurs in excess of an increase of pyruvate, was calculated by considering arterial and venous concentrations of lactate and pyruvate at the same time {A XL).
where: Lv, Pv = lactate, pyruvate concentrations in venous blood, i.e., UA or MV; and La, Pa = lactate, pyruvate concentrations in arterial blood, i. e., UV or MA This equation has been derived and discussed by HUCKABEE [5] .
The significance of a difference in concentration or gradient from one time to another was assessed by paired analyses (Student's t test) and is expressed in terms of probability (P) values.
Results
The results obtained during base line conditions, hypoxia, and recovery for each experiment are shown in table I. The course of events in a single experiment (ewe 24, table I) is presented in figure 1 .
Oxygen
The oxygen tension in the maternal artery was variable during the base-line period (range: 52-300 mm Hg). This variability was probably due to the difficulty in maintaining an adequate pulmonary ven-48 MANN tilation-perfusion ratio in this species when in the supine position, even though positive pressure O 2 was given. The mean oxygen tension in the uterine vein was fixed at 53.7^5.7 mm Hg (table I). The mean oxygen tension in the umbilical vein was 29.0±2.6 mm Hg. These figures are similar to those reported by others using a chronic preparation [10] . The direct relation between the oxygen tension in the uterine (MV) and umbilical veins (UV) at the time of sampling is shown in figures 1 and 2 A. The zfF, AM, and AM-F narrowed as the oxygen tension decreased in the maternal circulation. The oxygen tension in UV was 6 mm Hg at 11 min of hypoxia in experiment 24 ( fig. 1 ) and decreased only 1 mm Hg during the next 8.5 
Carbon Dioxide
Hypocapnia in the mother occurred as a result of hyperventilation during the final 10%-interval of the hypoxic period. The decrease in pCO 2 in MV (table I) was not proportional to the decrease in the maternal aorta, so that the uterine V-A difference widened (table I, fig. 1 ) in seven of the nine experiments. The decrease of pCO 2 in UV was less than the decrease in MV (table I, figs. 1 and 2B), and increased in one experiment (ewe 14). As a result of more variable values of pCO 2 in UA, the V-A difference in the umbilical vessels was variable, decreasing in five experiments and increasing in four. The umbilical V-A difference widened during the first 11 min of hypoxia in experiment 24 ( fig. 1 ), but then narrowed considerably after 19.5 min of hypoxia. The V-A differences were variable during recovery but generally approaching base-line values.
Glucose
The ratio of glucose concentration in MV and UV approximated 1.8 during base line and recovery periods ( fig. 2C ). The concentration of glucose in UV decreased in eight experiments during the 10% of hypoxia, and decreased in MV in six experiments. Further, the decrease of glucose concentration in UV was greater than the decrease in MV in six of the nine experiments ( fig. 1, table I ), so that A M-F increased. The V-A difference in the fetus narrowed significantly (.P<0.01) as the concentration of glucose in UA decreased less than the concentration in U V, and actually increased significantly (/ > <0.01) in all nine experiments during late hypoxia. The course of these events is seen clearly in figure 1 .
The concentration of glucose was greater than base line in MV, in eight of the nine experiments; in UV, the concentration was greater than base line in all nine experiments during recovery. The V-A differences in the uterine and umbilical vessels were variable, but generally returning toward base-line values.
Lactate and Pyruvate
The concentration of lactate and pyruvate was higher in UV than in MV in eight experiments prior to hypoxia ( fig. 2 D) .
Ewe 30 was anesthetized with Fluothane after initial spinal anesthesia failed. The elevation of lactate in MV (83 mg/100 ml), which probably resulted from struggling during restraint under spinal anesthesia, was not associated with a proportionate rise in lactate in UV (15 mg/100 ml).
The V-A differences in uterine and umbilical vessels (ZlM, zlF [table I]) were variable during the base-line period. In lactate concentration, negative umbilical V-A differences were evident in five experiments while positive differences were observed in four experiments. Venous-arterial differences in pyruvate concentration in umbilical vessels were less variable. A positive V-A difference was observed in seven of the experiments and a negative difference in two. In one of the two experiments (ewe 24, fig. 1 ), a negative pyruvate V-A difference was associated with a positive lactate V-A difference. This experiment was the only one in which excess lactate was produced by the fetus prior to hypoxia (ewe 24, +2.3 mg/100 ml; table I, fig. 1 ).
Venous-arterial differences in lactate concentration observed in uterine vessels were similarly variable during the base-line period. A negative V-A difference was observed in five experiments; positive V-A differences in pyruvate concentration occurred in all nine experiments. Excess lactate production by the total uterine mass was evident in only one experiment (ewe 30).
The effect of hypoxia on maternal and fetal metabolism of lactate and pyruvate can be seen in figure 1 (exp.24, table I). The V-A difference of pyruvate in umbilical vessels was positive after 4 min of hypoxia because of increased concentration of pyruvate in UA. The V-A difference of lactate narrowed, due to a slightly greater increase in the concentration of lactate in UV than in UA. It would appear that lactate was oxidized to pyruvate by the fetus while pyruvate was reduced to lactate by the placenta. The concentration of pyruvate decreased and the concentration of lactate increased in MV, whereas concentration gradients of pyruvate increased and those of lactate decreased in MA. The V-A difference of pyruvate and lactate in uterine vessels was the reverse of those pertaining during base-line observations.
A marked increase in the concentration of pyruvate was observed in UA and UV at 11.5 min of hypoxia. The concentration of pyruvate in MV increased and the uterine pyruvate V-A difference widened at this time. The concentration of lactate and the uterine and umbilical lactate V-A differences were essentially similar to those found during the 4-min observations. 
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The events at 19.5 min hypoxia were associated with severe hypoxia in the fetus and placenta. The increase in lactate concentration in UA was greater than that in UV, while the concentration of pyruvate rose in UV and fell in UA. The V-A difference in lactate in umbilical vessels increased markedly from 2.10 mg/ 100 ml during base line to 10.4 mg/100 ml at this point. Excess lactate increased from +2.3 mg/100 ml to + 15.0 mg/100 ml. Similarly, the V-A difference of lactate in the mother increased from-1.69 mg/100 ml to +3.9 mg/100 ml, while excess lactate increased from -2.8 mg/100 ml to +8.6 mg/100 ml. The concentration of lactate in MV, plotted as a function of the concentration in UV for the nine experiments ( fig.  2D ), showed a more direct relation during hypoxia than during base-line or recovery.
The V-A differences of lactate and excess lactate in uterine and umbilical vessels increased in each experiment during the final 10% interval of the period of hypoxia. The increase in the lactate V-A differences was highly significant (P<0.01).
The concentration of lactate in all four vessels remained elevated during recovery (exp.24). Also, excess lactate in uterine vessels remained elevated (3.1 mg/100 ml) in this experiment and in four other experiments. There was no excess lactate produced by the fetus in any of the experiments during recovery. The independence of the lactate concentrations in MV and UV during this period is shown in figure 2 D. 
PH
The changes in lactate concentration and pGO 2 had a direct effect on the metabolic and respiratory components of pH. The pH in UV during base line was lower than that in MV as the concentration of lactate and pCO 2 were higher. Experiment 30 was the only exception. In this experiment, pCO 2 and bicarbonate ion concentration were greater in UV than in MV, whereas the concentration of lactate and hydrogen ion were lower. There appeared to be no exchange of these ions toward equilibrium across the placenta.
The potential effect of the lacticacidemia that occurred during hypoxia on the metabolic aspect of fetal pH was compensated by the effect on the respiratory component from maternal hyperventilation. As a result, pH showed no change during late hypoxia. The V-A pH difference in uterine vessels did, however, widen significantly during late hypoxia (P<0.01), while the umbilical pH V-A difference widened in six of the nine experiments. This observation could be explained by the results of the analysis of lactate and CO 2 gradients presented above. The pH V-A differences during recovery were not significantly different from those found under base-line conditions.
Discussion
In sheep, the variability in lactate and pyruvate metabolism by the total uterus and fetus during acute nonhypoxemic conditions was similar to that observed in goats by HUCKABEE et al. [6] . Higher concentrations of lactate and pyruvate were observed in the fetus than in the mother, and these observations are consistent with other reported data [1, 6] . There appears to be no exchange of lactate or pyruvate between ewe and fetus. Further support for this contention was gained from the single experiment in which lactate concentration in the mother became markedly elevated, whereas in the fetus, lactate concentration remained within normal control limits. The independence of maternal-fetal concentrations that was noted for lactate was also found for the bicarbonate ion [2] . BLECH-NER et al. [3] reported that the fetus showed no change in bicarbonate concentration when maternal bicarboin bicarbonate concentration when maternal bicarbonate concentration had decreased as a result of ammonium chloride infusion.
In experiments in which maternal arterial blood oxygen saturations were less than 87%, HUCKABEE et al. concluded that excess lactate produced by the fetus was oxidized by the placenta, and therefore, no excess lactate was produced by the total uterus. Excess lactate production by the total uterus was noted in two experiments [7] in which the arterial oxygen saturation in the mother was extremely low. On the basis of these observations, HUCKABEE et al. proposed that when severe hypoxia occurred in both fetus and placenta excess lactate produced by the fetus diffused into the maternal circulation and was 'washed out'; analysis of our data confirmed this hypothesis.
The progressive reduction in oxygen tension to essentially anoxic values resulted in the accumulation of first pyruvate, and then lactate, in the umbilical and uterine circulations. The rise in concentration of lactate in UV was less than that in UA (positive UA minus UV difference in each experiment) so that lactate was lost from the umbilical circulation through the placenta at this time. The increase in concentration of lactate in MV was greater than the increase in MA (positive MV minus MA difference in each experiment). The direct relation between the concentration of lactate inUVtothatin M V, which was noted during hypoxia, was not evident during either the recovery period or during base-line observations. The most plausible explanation for these observations would appear to be that lactate diffused from umbilical to uterine circulations, to which was added the lactate produced from anaerobic metabolism in the uterus. The diffusion of lactate across a membrane that appeared impermeable during acute nonhypoxemic con-ditions would involve alterations of the anatomical, electrochemical, or enzymatic characteristics of the membrane. A description of these changes remains for further investigation.
The consumption or production of lactate by the total uterine mass or fetus could be approximated by applying the observations on uterine and umbilical blood flow during hypoxia reported by DILTS et al. [4] . They noted an average fall in uterine blood flow of 30% during prolonged acute hypoxia (ewe respiring 6% O 2 ), and a fall in umbilical blood flow of 50%. As the mean lactate V-A difference in uterine and umbilical vessels increased more than sevenfold in the present experiments, lactate production (flow times the V-A difference, mg/kg/min) should have increased significantly, even though flow had decreased below base-line values. Similarly, total uptake of glucose (mg/kg/min) by the uterus should have increased significantly as the uterine glucose V-A difference increased twofold. However, the simultaneous production of glucose during hypoxia by mother and fetus, and utilization of glucose by anaerobic glycolysis complicated the analysis of changes in umbilical V-A differences. The significant narrowing of the umbilical V-A difference resulted from the reduction in the concentration of glucose in UV, possibly as a result of impaired glucose transport [13] , and the rise in concentration of glucose in UA could have been a result of fetal glycogenolysis.
In both the uterine and umbilical placental circulations, a gradient in pH from artery to vein would alter the respective hemoglobin oxygen dissociation curves by the Bohr effect [8] . The V-A difference in pH during the base-line period resulted primarily from a difference in pCO 2 , as only minor differences existed in lactate and pyruvate concentration between the artery and vein. The loss of lactate from U A and gain of lactate in MV during hypoxia, however, widened the V-A difference in pH in both the umbilical and uterine circulations. Additional oxygen was released from hemoglobin in the more acid MV as the dissociation curve was shifted to the right, while additional oxygen was bound to hemoglobin in the more alkaline UV as the oxygen dissociation curve of fetal blood was shifted to the left. Because the Bohr effect in whole blood is greater in the fetus than in the adult [12] , the shift in the oxygen dissociation curve was of greater magnitude per unit of pH change in the fetus. A critical oxygen tension is approached, however, beyond which the effect is negligible. During recovery there was no significant loss of lactate on umbilical circulation through the placenta, the pH was significantly lower than base line in both UA and UV, but the pH difference between UA and UV was again regulated by differences in pCO 2 . The amount of oxygen bound to fetal hemoglobin and delivered to the fetus was diminished, however, due to the shift in the O 2 dissociation curve to the right, even though the pO 2 was equivalent to base-line values. Under these conditions, the fetus was relatively hypoxemic; correction of the metabolic acidosis depended upon the continued oxidation of lactate by the fetus.
